We propose a device that allows for magnetization switching in nanomagnets by means of a pure spin current induced by the spin Hall e®ect. For this purpose we combine the ideas of magnetization switching of a ferromagnet by a spin current produced via the spin accumulation at a ferromagnet/nonmagnet interface with the electronic measurement of the direct spin Hall e®ect, and the theoretical material design to identify systems with a large spin Hall angle and an appropriate spin di®usion length. We will discuss the device design with respect to the size of the charge and spin currents. Based on ab initio calculations, we predict dilute alloys ideally suited for this application. Noble metals with single-sheeted Fermi surfaces, doped with either heavy impurities like Bi and Pb in Cu or Bi in Ag and light impurities like C and N in Au, seem to be the best candidates for a spin Hall angle larger than 5%.
Introduction
Up to now spintronics applications, exploiting spin and charge degree of freedom of an electron, have been restricted mainly to devices based on ferromagnets. An alternative route are spin currents created in nonmagnetic (NM) materials without any ferromagnets. The straight choice to this problem is the spin Hall e®ect (SHE) 1 caused by spinÀorbit coupling (SOC), strongly related to the anomalous Hall e®ect (AHE). The SHE allows conversion of a charge current into a pure spin current in nonmagnetic materials.
Liu et al. 2 already described a device using the SHE to induce ferromagnetic resonance by spin transfer into a magnetic layer. We note furthermore that another SOC e®ect, the Rashba e®ect of magnetic layers with strong SOC asymmetry between the adjacent layers, has been already used to move magnetic domain walls. 3 In this paper, we propose a concept of device harnessing the SHE to switch the magnetization of a nanomagnet. Only very recently, two groups reported the successful, reversable switching of a nanomagnet based on spin currents induced by the SHE. 4 ,5 While Miron et al. 4 originally explained the e®ect in terms of induced Rashbā elds, Liu et al. 5, 6 showed, using similar devices, that the e®ect is most probably governed by the SHE. In both cases the device was built on nonmagnetic base electrodes, where the spin current was created via the SHE, on top of which nanopillars including magnetic layers are prepared. The writing process was achieved via an applied critical current in-plane of the nonmagnetic base electrode while the reading process was performed di®erently in both devices. Miron et al. 4 used the AHE induced by the nanomagnet magnetized perpendicular to the device plane to read out the magnetization direction. In contrast the group of Buhrman 5 used a magnetic tunnel junction setup to probe the in-plane magnetization direction of the nanomagnet. The materials used to create the spin current were Pt 2,4,6 and -Ta both known for a large SHE, 5, 7, 8 but particularly expensive and not well suited for mass production. From that perspective it is highly desirable to identify more and cheaper materials to be used for similar applications. This is one major aim of this article. In addition both so far discussed devices 4, 5 have one feature in common. Namely, the driving charge current is applied to the nonmagnetic electrode being in direct contact to the nanomagnet which should be switched. The device we are going to present is di®erent with respect to that particular feature. In our case the spin current generation in the device is spatially separated from the nanomagnet and consequently no charge current is°o wing through the ferromagnetic island. This feature might be an advantage in terms of stability preventing the nanomagnet from strong Joule heating during reading and writing.
The various contributions to the SHE and the AHE are subject of debate since decades. 9À14 The intrinsic mechanism, 12 usually expressed in terms of the Berry curvature, 14 was investigated by several authors from¯rst principles. 8, 15 The extrinsic contribution was computed by ab initio methods only recently. 16À18 Based on these calculations it can be shown that the relative in°uence of the di®erent contributions to the SHE depends strongly on the material composition of the metallic alloys. For impurity concentrations higher than 1 at.% the intrinsic and side-jump contribution are quite signi¯cant. 18, 19 However, in the dilute limit of impurity concentration less than 1 at.% the skew-scattering is always predominant. This fact allows for tailoring the dilute alloy most favorable to reach a large SHE and consequently a maximum conversion of charge current into transversal spin current. The focus of our paper is designing those alloys suitable for the proposed application of magnetization switching with pure spin currents induced by the SHE.
We start with a short review of the experiment presented by Yang et al. 20 where they demonstrated the fully reversible switching of a ferromagnetic (FM) nanopillar by a pure spin current. This experiment de¯nes the requirements for the proposed spin Hall device omitting the original spin current injector, e.g., the FM/NM interface. In that case, the key issue is an e®ective charge to spin current conversion, that is a large spin Hall angle. In the last part we identify materials which ful¯ll the de¯ned requirements. The results are based on ab initio calculations of the SHE for dilute alloys. 16 
Magnetization Switching

Original experiment: Spin injection from a ferromagnet
The general experimental setup as used by Yang et al. 20 is shown in Fig. 1(a) . It is based on a nonmagnetic Cu wire on top of which two nanomagnets (75À80 Â 170 Â 20 nm) are prepared. They are contacted by Au electrodes. If now a current is driven through the right FM from the upper electrode to the right arm of the Cu wire, a spin current is injected to the left arm of the Cu wire. The e®ect is caused by spin accumulation at the NM/FM interface as introduced by Johnson and Silsbee 21 and explained theoretically by Fert and Ja®rès. 22 The nonlocal resistance, the voltage drop over the left FM/NM interface normalized by the ac charge current through the right interface, was recorded versus the applied direct charge current. The sign of the nonlocal resistance is directly related to the relative orientation of the two FMs and is independent of the direction of the charge current.
The spin accumulation at the right FM/NM interface causes as well an imbalance of the spindependent chemical potentials in the Cu wire which are equalized far away from the interface due to spin relaxation processes. With the second FM it is possible to probe the spin imbalance as a voltage drop at the interface which was shown theoretically and experimentally by several authors. 21À24 The voltage drop probes the projection of the nonequilibrium magnetization in the nonmagnet by the magnetization direction of the FM. 21 Reversing the charge current in the right part causes opposite spin accumulation at the FM/NM interface. As a consequence, the induced spin current changes sign and the voltage drop is°ipped. However, the nonlocal resistance will keep the same sign. Only a change in the relative orientation of the two ferromagnets will a®ect the sign of the nonlocal resistance.
The sign change was found by Yang and coworkers when they increased the driving current beyond a certain critical device-dependent value. 20 Since the induced spin current is proportional to the driving charge current, it means the FM can be switched at a critical spin current. The switching mechanism was explained by the spin transfer torque. 20, 25 The critical switching spin current was estimated to 0.32 mA. Caused by the small spin resistance of the permalloy R current induced in the Cu wire entered the permalloy. In combination with the known spin di®usion length in Cu of about 1000 nm and the distance between the nanopillars of 270 nm, the induced spin current at the right FM/NM interface can be estimated to 0.48 mA. On the other hand, the critical direct charge current was I c ¼ 5 mA and the e®ec-tive conversion of the charge into the spin current can be calculated as I s =I c ¼ 0:1. Thus, approximately 10% of the charge current was transformed into a spin current. The key ingredients of the discussed experiment were the preparation and bonding of the ferromagnetic nanopillars to achieve perfect FM/NM interfaces. The very high charge to spin current conversion of about 10% and the long spin di®usion length of about 1000 nm in the Cu wire were essential to observe the switching of the ferromagnetic nanopillar. However, in the device two ferromagnets were used and the spin current injection was based on the spin accumulation e®ect at the FM/NM interface. 22 This interface plays a crucial role in any application.
Proposed experiment: Spin injection from a spin Hall junction
Here we propose a very similar but simpler device where we just omit the right ferromagnetic nanopillar. In the proposed device the spin current is created by the SHE instead of spin injection at a FM/NM interface. The schematic device is shown in Fig. 1(b) . In contrast to Fig. 1(a) , now the right FM is omitted and the easy axis of the left FM is changed in direction along the base Cu wire. The essential parts of this device are well known from measurements of the direct SHE by Kimura and coworkers. 26 It basically di®ers in replacing the large ferromagnetic electrode used in Ref. 26 by a small ferromagnetic nanopillar as shown in Fig. 1(b) . The spin current is now created in the right nonmagnetic top electrode by the direct SHE and enters into the Cu wire. Thus, except for creating the spin current, the underlying mechanism and functions are the same as in the device shown in Fig. 1(a) .
Material Design
The key issue of the proposed device is the design of a material with a large charge to spin current conversion. This conversion can be measured by the spin Hall angle (SHA) that is the ratio of the spin Hall and charge conductivities. As discussed above, a SHA of the order of 10% is needed to create spin currents reasonably large to cause magnetization reversal. Another important parameter of the material of the right electrode is its spin di®usion length, also governed by the strength of the SOC. The analysis based on Eq. (2) in Ref. 27 reveals that it has to be of the order of the electrode thickness or larger to maximize the magnitude of the spin accumulation at the interface with the Cu wire. Since the thickness of the electrode can be controlled down to about 3À4 nm, this de¯nes a lower limit for its spin di®usion length. However, Eq. (2) of Ref. 27 is of course a simpli¯ed equation not taking the Cu base electrode into account. For very thin top electrodes the current will partly°ow through the base electrode reducing the e®ect of spin current generation. Furthermore, for constant charge current density the spin current generation at the lower interface is maximized for¯lm thicknesses comparable to the spin di®usion length. For spin di®usion lengths signi¯cantly larger than the thickness of the electrode the spin current generation would saturate for constant charge current density since only a small fraction of the thickness actually contributes to the e®ective spin current generation. This discussion implies that the¯lm thickness has to be of the order of the spin di®usion length. Therefore, the knowledge of the spin di®usion length is useful to calculate the exact value of the spin current injected into the Cu wire. For this reason, we will present not only the SHA but also the spin di®usion length derived from our calculations for di®erent materials.
For the SHE, recent theoretical results of material-speci¯c¯rst-principle calculations of the intrinsic as well as the extrinsic SHE 18 have shown that in the limit of low concentrations of binary alloys the extrinsic skew-scattering mechanism is the leading one. The mechanism dominates for impurity concentrations less than 1 at.%. These results were con¯rmed by recent calculations of the skew-scattering and the side-jump mechanism within a resonant scattering model for 5d impurities in simple metals. 19 The authors found that only for concentrations signi¯cantly larger than 1 at.% the side-jump contribution could dominate among the extrinsic mechanisms. Furthermore, an experiment for Ir impurities in Cu showed clear evidence for the pure skew-scattering mechanism up to a few atomic percent of the impurity concentration. 28 A SHA of about 2% and a spin di®usion length up to 30 nm were found. Similar results for dilute alloys were published in Ref. 29 . Another series of experiments and theoretical considerations 30, 31 attributes the gigantic SHE found in Au by Seki et al. 32 to extrinsic e®ects. All together, these facts indicate the potential of dilute alloys to ful¯ll the conditions discussed above for the SHE and to¯nd a perfect material for the proposed application.
Dilute Alloys Suited for the Proposed Application
Applying our approaches developed for calculating the SHA 17,33 and the spin di®usion length, 16 ,34 we present in Fig. 2 a broad scan of possible dilute alloys. All calculations are based on a fully relativistic ab initio KorringaÀKohnÀRostoker method where the electronic structure is calculated by means of Greens functions. 35À40 The electronic and spin transport is described by solving the linearized Boltzmann equation 17 where the¯rst principles electronic structure of the host and the impurity system serves as input to describe the scattering at substitutional impurities. The main assumption despite zero temperature is the dilute limit of noninteracting impurities. Experiments by Fert et al. 29 and Niimi et al. 28 have clearly proven the linear relation between spin Hall resistivity and the impurity concentration in that limit. In addition, a comparison to a fully quantum mechanical method applying the KuboÀStreda formula 18 showed excellent agreement with our calculations. Moreover, experimental results for dilute alloys 28, 29 are of the same order as calculated from¯rst principles for similar dilute alloys.
As host materials we choose a variety of metals such as Al, Cu, Ag, Pt, and Au. Shown in Fig. 2 is the spin di®usion length of the alloys versus the SHA. The spin di®usion length depends on the impurity concentration 16 chosen to reproduce experimentally found resistivities for the considered hosts. It can be tuned by varying the impurity concentration making sure that we keep the dilute limit below 10 at.% impurity concentrations.
Immediately, dilute alloys such as Ag(Bi), Au(C), Au(N), Cu(Bi), and Cu(Pb) can be identi¯ed as best candidates for the proposed device. However, since Au(C) and Au(N) alloys are known to be di±cult to prepare, only the three other dilute alloys remain. Especially, Bi impurities in Ag with a SHA of nearly 10% seem to¯t the desired properties perfectly. Concerning the spin di®usion length, we¯nd about 100 nm for 0.25 at.% of Bi. For practical applications, it would be necessary to increase the concentration to a few atomic percent but less than about 10 at.% to keep the dilute limit. This increase should guarantee predominant scattering by the Bi impurities in comparison to other perturbations at room temperature. This would shorten the spin di®usion length by an order of magnitude remaining comparable to the typical electrode thickness of a few nanometers. It still satis¯es the condition derived above.
Some further conclusions can be drawn from Fig. 2 . First, the results for the Pt host are nearly independent of the type of the impurity atoms. These alloys have a short spin di®usion length in combination with a small spin Hall angle. In addition, we show the results for Pt including the intrinsic mechanism for the SHE. 8, 41 All SHA are shifted by the large intrinsic contribution (see Fig. 2 open triangles) insensitive against di®erent impurity scattering. Clearly, both the SHE and the spin relaxation are dominated by the intrinsic spinÀorbit coupling of Pt. In contrast, for the Au host it is possible to scale the SHA over orders of magnitude, but the spin di®usion length is restricted to values of 100 nm. Finally, for the Cu and Ag hosts both quantities can be scaled over orders of magnitude, while for Al we failed to identify systems with a reasonable large SHA.
Summary
In summary, we have proposed a device to switch a nanomagnet by a spin Hall current. Instead of the former experiment based on spin accumulation at FM/NM interfaces we designed a spin Hall junction to create the necessary spin current. Materials with a high conversion rate of charge to spin current are designed by ab initio calculations for the extrinsic SHE. We found Ag(Bi), Cu(Bi) and Cu(Pb) dilute alloys, showing the SHA close to 10%, to be perfect candidates for the proposed application of the SHE. In addition, these systems exhibit a spin di®usion length, simply scalable by the impurity concentration, which is of the order of magnitude suitable for the proposed device as well as for general spintronic applications. The indicated materials can be produced at signi¯cant lower cost than -Ta and Pt already used in similar devices.
Appendix: Numerical Details
In Tables A.1ÀA.5 we collect all the data used in Fig. 2 of the main article. The results are based on ab initio electronic structures obtained within the relativistic KKR method. 35À40 The spin and charge transport are described by solving the linearized Boltzmann equation including four-component Dirac wavefunctions in the scattering term. 16, 17 All impurities are considered as substitutional and nonmagnetic. During the solution of the self-consistent impurity problem charge but no structural relaxation is considered within a perturbed real space cluster. 17 The restriction to dilute alloys is re°ected in the assumption of noninteracting impurities, which results in a linear relation between the scattering probability and the impurity concentration. 17 The concentration is treated as parameter in the current calculations. This approximation has been proven to be valid for many dilute systems. 28, 29 Since both the longitudinal and the spin Hall conductivity are inversely proportional to the concentration the SHA is independent of it. The spin di®usion length is calculated using the Valet and Fert model 42 adopted to the current situation. 16, 43 To account for a real experimental situation, 8 Actually, the used value is twice of the corresponding one in Ref. 8 , which is due to a di®erent choice of units. In our case the spin conductivity is expressed in units of the charge conductivity, 17 whereas Guo and coworkers 8 have used the units of }=ð2eÞðcmÞ À1 . Here e is the elementary charge and the factor of }=2 is introduced due to the spin expectation value. 
